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ABSTRACT 
 
Diamond-like carbon (DLC) films have been extensively studied for more than 
two decades due to their highly attractive properties. These films exhibit unique 
mechanical, chemical and electronic properties and thus, possess great potential for 
applications in tribology.  However, two drawbacks in the DLC films are high level of 
internal stress developed during growth preventing deposition of thick films and low 
thermal stability. Synthesis of Me-DLC (Cr-DLC and N-doped Cr-DLC) presents a way 
to overcome these drawbacks. In the present study, DLC, Cr-DLC and N-doped Cr-DLC 
films were deposited on Si substrate using a hybrid Plasma assisted CVD/PVD process. 
Film characterization in terms of microstructure, structure, composition and chemical 
state of components was carried out by transmission electron microscopy (TEM) and x-
ray photoelectron spectroscopy (XPS) of the Cr-DLC as well as N-doped Cr-DLC films. 
Mechanical properties of the films were characterized by microhardness testing. The 
tribological properties were studied by conducting pin-on-disc experiments. Optical 
profilometry was used to analyze intrinsic stress in the films and the wear profiles and 
wear rate.  
TEM and XPS showed that N-doping results in formation of CrN along with Cr 
carbide in the film. N-doped Cr-DLC films were found to possess higher hardness than 
the Cr-DLC and DLC films. N-doped Cr-DLC exhibited lower intrinsic stresses while 
maintaining a comparable friction coefficient and wear rate as well as higher 
microhardness. The low intrinsic stresses of N-doped Cr-DLC shows promise for the 
deposition of thicker coatings, while maintaining desirable mechanical and tribological 
properties. 
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1. INTRODUCTION 
 
Carbon, the sixth member of the periodic table, has turned out to be one of the most 
fascinating elements in nature. One of the many forms of carbon, diamondlike carbon 
(DLC) or tetrahedral amorphous carbon (ta-C) consists mainly of sp3 bonded carbon atoms. 
If properly prepared, DLC can have properties that rival those of crystalline diamond. DLC 
films are known for their unique combination of properties, but they suffer from low thermal 
stability (above 400o C) and low toughness [1]. Due to the inherent residual stresses present, 
DLC films have a tendency to peel off, thereby limiting their applications (involving high 
contact stresses) and deposition thickness [2]. Recently introduced metal-DLC coatings 
produced by magnetron sputtering of metals from targets can be a step towards the 
achievement of such a combination.  
Previous studies show that DLC thin films possess excellent properties related to 
friction, wear, corrosion, and biocompatibility [2]. The basic disadvantages of DLC films 
are low thermal stability, low toughness and adhesion. To alleviate these drawbacks, Metal- 
Diamondlike Carbon (Me-DLC) films have been introduced.  Me-DLC thin films exhibit 
unique mechanical, chemical and electronic properties and thus, possess great potential for 
applications in tribology, electronics, biomedical and information technology. The 
tribological behavior is mainly dependent on surface characteristics and thus, these films 
have tremendous potential to modify and improve the surface properties and optimize the 
materials wear and frictional behavior. Additionally, it is desirable to retain beneficial bulk 
material properties, such as strength and toughness.  
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In the past, work has been done with carbide formers such as Si, Nb, Ti, Ta and W 
and non-carbide formers such as Cu, Au, Ag into DLC films. These developments have 
been reviewed by Klages and Memming [3]. A system with high potential is Cr-DLC. 
Previous studies have shown that Cr-DLC films can be tailored to have comparable wear 
resistance to that of DLC. These films are nanocomposites since they consist of 
nanoparticles (either Cr or Cr carbide) dispersed in an amorphous DLC matrix.  
For many years, hard chromium coatings, produced by electrochemical processes, 
have played an important role for wear-resistant surfacing of machinery components and 
tools (e.g. piston rings, valves, hydraulic pumps, dies, moulds), aerospace parts (landing 
gears, etc) and as decorative coatings (e.g. automobiles trims, wheels, office furniture). 
Physical vapor deposited (PVD) Cr-N coatings have been investigated extensively in the last 
decade and have attracted attention as a possible replacement for electroplated coatings in a 
number of applications. 
Results show that deposition techniques such as sputtering [4,5], cathodic arc [6,7] 
and electron beam evaporation [8] allow the deposition of hard coatings within the Cr-N 
system with good oxidation, corrosion and wear properties. Irrespective of the deposition 
techniques, Cr, Cr-N (with N in solid solution), Cr2N, mixed Cr2N/CrN and CrN phases 
have been identified, depending on the partial pressure of the N2 gas. Hardness values 
between 17 and 24 GPa have been reported over a composition range from CrN0.1 to 
stoichiometric CrN for these phases [9], compared to values between 6 and 12 GPa for 
electrodeposited hard-chrome produced with different catalysts [10]. In the 1980s, Aubert et 
al. [4,11] studied the mechanical properties of magnetron-sputtered Cr coatings and the 
corresponding nitrogen and carbon containing alloys, and concluded that these coatings 
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could be widely used for wear resistance applications. Terrat et al. [12] reported reactively 
sputtered wear-resistant coatings within the Cr-N system between a minimum pressure, at 
which the Cr phase was saturated with interstitial nitrogen, and a maximum pressure, at 
which hcp Cr2N started to form.  
Most recently Cosset et al. [13] studied in detail the structure, corrosion, adhesion, 
hardness and wear behavior of magnetron sputtered Cr1-xNx coating with x=0-0.11 at 
temperatures between 200o C to 500o C and concluded that the properties of these coatings 
depend closely on both deposition temperature and nitrogen content. Hurkmans et al. [9] and 
Demaree et al. [14] also recently reported structure, hardness and adhesion as a function of 
the nitrogen content up to 50 at.% for sputtered coatings consisting of different phases. 
In the present study, nitrogen is introduced to modify the Cr-DLC films by 
promoting the formation of CrN and/or incorporation of N to modify the C network. Since 
the binding energies of CrC and CrN are close, there is good probability that both types of 
nanoparticles will be forming enhancing the properties in that nanocomposite. Previous 
results in the literature show that CrN possesses high hardness and wear resistance thus its 
incorporation into the DLC structure has the potential to improve the film’s performance. 
The carbide and nitride phases are present in the form of nanoparticulate phases. 
Furthermore, N incorporation in the carbon network of the matrix is possible with the 
expectation to reduce elastic modulus allowing more flexibility and conformance of the film 
while under loading. Such modification of the film’s mechanics is also expected to impact 
on its tribological behavior. 
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2. OBJECTIVES 
 
The present work is concerned with Cr-DLC films and N-doped Cr-DLC films 
synthesized by a hybrid CVD/PVD method. 
The objectives of the present research are: 
   (i)    to study the effect of processing parameters on the characteristics and properties of                           
          N-doped Cr-DLC nanocomposite thin films; 
 
   (ii)    to study the mechanical and tribological properties of N-doped Cr-DLC  
            thin films; and 
 
   (iii)   to enhance our scientific understanding of the structure-property relationship of N-    
           doped Cr-DLC thin films. 
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3. LITERATURE REVIEW 
3.1 Diamond-like Carbon Thin Films  
 
Carbon manifests itself in several different forms such as diamond, graphite, 
fullerenes [15], nanotubes [16,17], diamond-like carbon [18], and etc. The various forms of 
carbon with remarkably diverse properties are a result of its ability to hybridize in several 
forms such as tetrahedral (sp3), trigonal (sp2), and linear coordination (sp1) [19]. The DLC is 
an important form containing domains of both sp3 and sp2 coordination. It possesses 
properties close to those of diamond when it consists of a large fraction of sp3 bonded sites. 
The attractive properties of this novel structure are high values of hardness, transparency in 
the infrared range, chemical inertness, and low coefficient of friction and high wear 
resistance, small electron affinity that leads to field emission effects, and etc. DLC is 
metastable, amorphous carbon material, which may contain nano-crystalline domains of 
diamond. These films have aroused a considerable interest as coating material due to their 
attractive properties and have been applied to many fields. A brief summary of properties 
and applications of DLC is given in Table 1 [20]. DLC films in general, are very smooth and 
can be deposited at low temperatures.  
Various methods used in deposition have led to a wide range of DLC films and as 
such there is no nomenclature to describe them. In general, the various forms of DLC can be 
divided into two broad categories:  
(i) DLC containing only carbon is called amorphous carbon or amorphous 
diamond (i-C, ta-C) 
(ii) DLC containing a mixture of hydrogen and carbon is called hydrogenated 
amorphous carbon (a-C:H). 
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Table 1. Summary of properties and applications of diamondlike carbon films. Text in 
parenthesis indicates potential applications [20]. 
 
Property Type of use Applications 
Transparency in Visible 
and IR; optical band = 1.0-
4.0eV 
Optical Coatings 
 
 
Antireflective coatings and 
wear resistant coatings for IR 
optics 
Chemical inertness to 
acids, alkalis and organic 
solvents 
Chemically passivating 
coatings 
 
Corrosion protection of 
magnetic media, biomedical 
 
High Hardness; H=5-
80GPa; low friction 
coefficient. <0.01-0.7 
Tribological, wear 
resistant coatings 
 
Magnetic hard drives, magnetic 
tapes, razor blades (bearing, 
gears) 
Nanosmooth Very thin coatings < 5nm
 
Magnetic media 
 
Wide range of electrical 
resistivities = 102-1016 
Ω/cm 
Insulating coatings 
 
 
Insulating films 
 
 
Low dielectric constants <4 
Low-k dielectrics 
Field emission 
 
(Interconnect dielectrics) 
(Field emission flat panel 
displays) 
 
Certain materials can be added to DLC films to improve their properties such as Si, 
N, metal atoms, F and they change the notation to Si-C:H, a-C:H-N, Me-C:H such as Co, 
Cr, W, Ti-DLC and a-C:H-F, respectively. Various methods of preparation have also given 
different carbon and hydrocarbon films with broad spectrum of properties. They can be 
considered to have a structure intermediate to those of diamond, graphite, and hydrocarbon 
polymers containing various proportions of sp3 carbon, sp2 carbon and hydrogen. Angus and 
Hayman  [21] proposed a valuable means of classifying the various carbon forms and 
hydrocarbons in terms of their atomic density and hydrogen content as shown in Figure 1. It 
can be seen that the DLC films, a-C:H, have much higher atomic density than conventional 
  7
polymers. A comparison of basic properties of various amorphous and crystalline forms of 
carbon to DLC can be seen in Table 2 [22]. 
 
 
Figure 1. Atom number density vs. atom fraction of hydrogen expressed in gram 
atom/cm3. Symbols used are, AC- oligomers of acetylene, AD- adaman-tanes, AL –n-
alkanes, AM- amorphous carbon, AR – polynuclear aromatics, DI - diamond and GR – 
graphite [22]. 
 
Table 2. Properties of various forms of carbon [22]. 
 
 Density (gm cm-3) 
Hardness 
(GPa) 
sp3 
(%) 
H 
(at%) 
Gap 
(eV) 
Diamond 3.515 100 100  5.5 
Graphite 2.267  0  -0.04 
Glassy C 1.3-1.55 2-3 ~0  0.01 
a-C (evaporated) 1.9-2.0 2-5 1  0.4-0.7 
a-C (MSIB) 3.0 30-130 90±5 <9 0.5-1.5 
a-C:H (hard) 1.6-2.2 10-20 30-60 10-40 0.8-1.7 
a-C:H (soft) 0.9-1.6 <5 50-80 40-65 1.6-4 
Polyethylene 0.92 0.01 100 67 6 
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3.1.1 Deposition Techniques of DLC 
 
The first successful DLC films were developed by Aisenberg and Chabot [23] in 
early 1970 by ion beam deposition (IBD). They quenched a beam of C+ ions, generated by 
sputtered carbon electrodes, in the presence of Ar, to form an amorphous layer of 
microcrystallites.  
DLC films are synthesized mainly by two different techniques, low temperature 
plasma assisted deposition and high temperature CVD. In the first technique, processing 
takes place from room temperature to around 400o C. Either solid phase or vapor phase 
carbon sources can be used to form DLC by this technique. In the second technique, a high 
temperature of the order of 900o C is maintained and a chemical decomposition of carbon 
phase takes place on the substrate.  
The techniques which involve the gaseous carbon source typically use a hydrocarbon 
gas, namely methane, ethane, acetylene, etc. In general, DLC films are formed when a 
hydrocarbon radical bombards a substrate with impact energies from 50 eV to < 1000 eV.  
The influence of impact energies of ions on the growing films that induces the sp3 bonding 
was summarized by Angus et al. [29].  
There are several other deposition techniques employed for the deposition of DLC or 
Metal containing DLC such as (a) Ion beam deposition, (b) Carbon arc (standard arc 
technology), (c) RF magnetron sputtering (d) DC magnetron sputtering, (e) Pulse laser 
deposition, (f) Electron beam evaporation, (g) PECVD, etc. 
3.1.1.1 Ion Beam Deposition (IBD) 
 
IBD is a technique in which the ion beam, including energetic particles, is the source 
of atoms deposited. In ion beam methods, the plasma is not in direct contact with the 
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substrate, rather the precursor ions are extracted from plasma to form an ion beam. They 
either use solid carbon targets or ionized hydrocarbon gases. The beam can be directed at 
the substrate to provide the ion bombardment of the growing film. The bombardment of the 
growing film with energetic particles has shown beneficial modification in a number of 
characteristics and properties critical to the performance of thin films and coatings, such as 
improved adhesion, densification of films grown at low substrate temperature, modification 
of residual stresses, control of texture (orientation), modification of hardness and ductility. 
However, the limitation with these methods is that the hardest films are obtained under 
conditions of low power and low gas pressure, which reduce the deposition rate.   
3.1.1.2 PECVD Methods 
 
Plasma consists of charged and neutral particles moving randomly and are 
electrically neutral on an average. Plasma deposition methods are used as thermal diffusion 
processes for the production of hard, wear, corrosion and fatigue-resistant surfaces. Plasma 
deposition is also called the glow discharge technique which utilizes a glow discharge to 
activate gas species that are needed for a particular PVD or CVD process. 
The hydrocarbon source materials which can be used for deposition by PECVD are, 
methane, ethane, acetylene, benzene, ethylene, propane, isopropane, etc. 
Koidl, et al. [24] have shown that the DLC films are independent of these precursor 
materials if substrate bias is in excess of certain value (-100 V in their case) and also, below 
a certain bias the fragmentation of the precursor remains incomplete.  
Bias voltage and total pressure of the system are two important parameters of these 
PECVD methods. In this method, two types of glow discharge technique namely direct 
current (d.c.) and radio frequency (r.f.) are used. In the former, a negative bias is applied to 
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the substrate, which acts as an electrode. This bias voltage ionizes the hydrocarbon 
precursor to produce the plasma and the ions required for the deposition of the film. The 
only limitation is the choice of substrate because it requires the electrically conductive 
substrate for the deposition of films by dc glow discharge. 
That’s why rf glow discharge is used to eliminate this deficiency of dc and can 
deposit on insulating substrates. It uses capacitively coupled parallel plate rf discharge. The 
electron frequency is higher than ion plasma frequency (ion mobility), which produces a 
negative dc self bias on the powered electrode.  
Many other novel techniques have been developed, basically increasing the plasma 
density around the substrate. A novel technique developed by Fujimaki et al.[25] in which, 
in the presence of methane, an unbalanced magnetron plasma is used. A strong magnetic 
field is applied parallel to the electric field of the cathode to extract the plasma along the 
magnetic flux that decreases towards the surface. An increase in hardness is observed by 
increasing the plasma density and saturation ion current density. 
3.1.2 Structure and Properties of DLC 
 
DLC films mainly consist of carbon, which exits in different allotropic forms like 
diamond, graphite, fullerene, carbon nanotubes and polymers. Graphite is a soft and stable 
phase. It has a hcp structure and the basal plane in which hexagonal rings are present are 
weekly bonded to each other by Van der Waals bond. On these planes it can slide very 
easily providing good property for lubrication. DLC films mainly consist of a combination 
of four-fold coordinated sp3 sites, as in diamond, and the three-fold coordinated sp2 sites, as 
in graphite with some of the bonds terminated by hydrogen. This hybridization is present in 
short-range order in the films, thereby exhibiting the amorphous nature. However, 
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microcrystalline phases of diamond have been seen in some DLC films, especially with 
lower hydrogen. If the sp3 bonding is dominant, the films are diamond-like whereas, with a 
predominant sp2 bonding, films are graphite-like. The deposition method, hydrogen content 
and amount of doping determine the amount of sp3 and sp2 content in the film. Composition 
of DLC can be best shown by ternary phase diagram, Figure 2, given by Robertson [26], in 
terms of sp3 and sp2 concentration along with hydrogen.  
 Though various models have been proposed for DLC, none of them is fully 
accepted. McKenzie et al. [27] proposed a model describing DLC as nano-crystalline two-
phase structure consisting of polycyclic aromatic hydrocarbon regions interconnected by 
tetrahedral carbon. Robertson [28] also modeled the structure of DLC as a network of 
covalently bonded carbon atoms in different hybridization, with a substantial degree of 
medium range order on 1 nm scale. Angus and Jansen [29] based their model on theories of 
random covalent network (RCN) by Phillips [30] and Thorpe [31]. It assumes that RCN is 
completely constrained when the number of constraints per atom is just about equal to the 
number of mechanical degrees of freedom per atom. They also found that the covalent 
network consists of sp3 and sp2 carbon sites, and optimal ratio of this coordination is a 
function of atomic fraction of hydrogen in the film. This model was well supported by the 
experimental observations. Further, a:C-H can be regarded as three-dimensional array of 
mostly six membered rings with some five and seven membered rings, which is able to 
contain 17-61% bound hydrogen. Angus and Wang [32] illustrated such a cross-linked 
structure which does not have long-range order. Overall, DLC is an amorphous structure 
consisting of sp2 bonded carbon atoms and sp3-bonded carbon atoms. The sp3/sp2 ratio of 
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DLC films depends on the deposition conditions and techniques, hydrogen concentration 
and other elements in the film. 
Tamor et al. [33] has proposed a defective graphite for the structure of the diamond-
like hydrocarbon. In this model, removing carbon atoms and saturating the resulting 
dangling bonds with hydrogen modify an initially perfect graphite crystal. Percolation 
theory is used to predict the upper and lower limits of hydrogen concentration. The defective 
graphite model predicts an existence of range of diamond-like hydrocarbon from 0.2 to 0.6 
atom fraction hydrogen.  
 
Figure 2. Phase diagram showing composition of a-C:H, ta-C and ta-C:H [26].
 
  13
3.1.3 Tribological Behavior of DLC 
3.1.3.1 Mechanical and Tribological Properties 
 
In tribological properties of DLC we mainly study the friction and wear properties 
of surfaces which are in relative motion with one another. The two surfaces in contact are 
very important and play a significant role in tribological behavior. DLC films are known 
for their low coefficients of friction and low wear rate. This subject has been recently 
reviewed by Erdemir and Donnet [34]. They summarized the friction and wear behavior 
of DLC coatings which are in general strongly affected by  
1) nature of films: controlled by deposition process 
2)  tribological testing conditions: 
                a) mechanical parameters: type of contact and contact pressure. 
b) material parameters: nature of substrate and pin material. 
c) kinematic parameters: nature of motion, velocity. 
                d)  physical parameters: temperature during friction.  
e) chemical parameters: nature of environment (humidity, dry etc.). 
They also mentioned the high compressive stress (~3GPa) which results in poor 
adhesion to most substrates so requires adhesion promoting interlayer and a transfer layer 
within the interfacial material. 
The coefficient of friction and wear rate values are generally reported in the range 
of 0.05-0.2 and 10-6 and 10-8 mm3/Nm respectively. Experiments have shown that the 
addition of other elements like Si or metals can improve the adhesion behavior and also 
lead to further reduction of wear between substrate and DLC films. Not only these 
parameters, but other parameters like effect of pressure, bias voltage, and gas ratios play 
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a very significant role in making soft or hard DLCs. Zhang et al [35] reported that with 
increasing the bias voltage hydrogen and sp3 content decrease, followed by decrease in 
properties like hardness and intrinsic stress. 
Tribological properties also depend on structure of DLC. The DLC film structure 
and the ratio of sp2 and sp3 C-C bonds and hydrogen content depends on the deposition 
and process conditions. 
Recently, Erdemir et al. [36] have investigated the effect of methane, ethane, 
acetylene, etc., on friction and wear performance of DLC films deposited on Steel 
substrate. They found that hydrogen is very essential for obtaining low coefficient of 
friction and high wear resistance in DLC films. They diluted methane plasma with 
hydrogen; with increase in hydrogen content they found decrease in friction coefficient. 
Intense hydrogen ion bombardment prevents cross-linking or C=C double bonding in 
growing DLC films and etches out the graphitic phase [37].  The presence of some di-
hydrated carbon atoms on DLC surfaces is expected to provide better shielding or a high 
degree of chemical passivation, thus lowering friction. 
3.1.3.2 Wear Mechanisms of DLC Films 
 
Various theories have been proposed to explain the tribological behavior of DLC 
films.  Hirvonen et al. [38] suggested that the low steady-state friction coefficients of 
DLC films observed at large sliding distance during lifetime tests were related to the 
formation of a carbon-rich transfer layer on the counter face.  In an alternative 
mechanism, the low friction coefficients of DLC (a-C:H) films during sliding were 
attributed to the two-stage pyrolysis of organic material into graphite [28], which 
includes carbonization (loss of hydrogen) and polymerization occurring between 400oC 
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and 600o C.  It has also been proposed that the occupation of the dangling bonds on the 
surface of the DLC films by oxygen and hydrogen reduces the possibility for the 
formation of bonds between DLC film and its counter face, which creates the low friction 
force [39].  Support for this mechanism has been provided by tribological experiments 
carried out between PTFE and DLC films.  Finally, chemisorption of hydrogen and/or 
other chemically active species [40,41,42] and formation of a double-layer structure 
and/or micrographitization [43,44] on sliding interfaces have been proposed to explain 
the frictional behavior of DLC films.  Thus, a controversy pravails at present and the 
actual wear mechanism of DLC films is still not well understood.  
As mentioned earlier, after studying the tribological behavior of DLC films a 
“wear-induced graphitization” mechanism was recently proposed by Liu and Meletis 
[45].  The latter mechanism involves mainly two steps.  First, flash temperatures 
produced by friction on local ‘hot spots’ at asperity contacts are causing release of 
hydrogen atoms and relaxation in the hard DLC structure.  This relaxation permits 
shearing of the local DLC structure under the applied load, completing the transformation 
from DLC to a low friction defected graphite structure. Thus, low friction graphitic layers 
are formed between the two surfaces in contact. These hexagonal layers can undergo a 
large number of sliding events before they are degraded and consumed. Thus, the lifetime 
of the graphitic layer has a significant influence on the graphitization kinetics and as a 
consequence the life time of the film.  
3.2 Metal-Diamond-like Carbon Films 
 
Metal-DLC films were first reported in 1985 by Dimigen et al [46]. They reported 
work on Metal-DLC with carbide forming elements (Ti, Cr, Si-DLC) and non-carbide 
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forming elements (Cu, Ag, Pt). It has been developed to reduce internal stresses and 
improve adhesion. However, doping decreases hardness and modulus, which can lead to 
higher wear rates. Thus, in order to reduce wear, adhesion needs to be improved along 
with higher modulus and hardness near the surface. This leads to functionally gradient 
type of films in which hardness variation is in such a way that dopant concentration is 
maximum near the interface and it is reduced gradually to a small value near the surface. 
DLC films are known for their unique combination of properties, but they suffer 
from low thermal stability (above 400o C), adhesion and low toughness. Due to the 
inherent residual stresses present, DLC films have a tendency to peel off, thereby limiting 
their applications (involving high contact stresses) and deposition thickness. Recently 
introduced metal-DLC coatings produced by magnetron sputtering of metals from targets, 
which are to a controlled extent covered with carbon from the chamber atmosphere, can 
be a step towards the achievement of such a combination. These coatings consist of an 
amorphous a:C:H matrix with the possible incorporation of metal (Ta,W,Nb,Ti,Cr,Co), 
metal carbide and/or graphite grains. Previous studies of Crx% -DLC coatings showed 
their good protective properties against abrasive, impact and single scratch wear, as well 
as a requirement for supporting interlayers to successfully apply such coatings to low-
cost steels. Chromium coatings are well known for their high hardness, good corrosion 
and wear resistance. 
3.2.1 Synthesis and Deposition Techniques 
 
Different methods have been utilized in the synthesis of Me-DLC films. Based on 
using different techniques a wide range of different properties can be seen in these films. 
Synthesis of hydrogenated amorphous silicon carbon (a-Si1-xCx:H) alloy films using 
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glow-discharge (GD) decomposition of silane and a hydrocarbon, like methane or 
acetlylene, has been reported since 1970s [47,48]. These films were also synthesized by 
using the electron cyclotron resonance plasma CVD method [49]. The Si-DLC films were 
also prepared by using energetic Ar+ ion beam and a vapor-deposited precursor material: 
tetraphenyl-tetramethyl-trisiloxane [50]. Tin containing DLC films were prepared from a 
tin foil in an Ar/ethylene atmosphere at 26 Pa, using an inductively coupled glow 
discharge process [51]. W and Ti-containing DLC films were synthesized by using glow 
discharge reactive magnetron sputtering method in an Ar/CH4 mixture [52]. Deposition 
of Metal-DLC films, by applying negative bias on substrate has positive impact on the 
film properties compared to that of neutral or positive bias [3]. 
3.2.2 Mechanical and Tribological Behavior 
 
Klages and Memming [3] summarized the hardness response of Me-DLC films by 
noting the difference in hardness as found with layers containing different metals, are 
most probably due to hydrocarbon used for deposition; acetylene, ethylene and methane 
were used for preparing films containing Ta, W and Ti, respectively.  
Up to 30 vol% TiC, qualitatively similar results with hardness values, i.e., 15 to 
18 GPa, were obtained for Ti-C:H films.  The pressure-distance products pdTS used in the 
experiments were 120, 180, and 300 Pa mm, respectively. If the films had been prepared 
at the same pdTS, most likely even larger differences between hardness of W- and Ti-C:H 
would have been resulted.  This can be concluded from Figure 4, where hardness of W-
C:H films with nearly identical metal content (12 at.%), prepared at different pdTS are 
compared. 
 
  18
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Hardness of W-C:H and Ta-C:H films as a function of volume fraction of 
segregated carbides MeC [3]. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Dependence of the hardness of W-C:H films (~12 at% W) on the pdTS 
products [3]. 
 
They explained that the constancy of hardness values below a critical volume 
fraction of segregated hard phase was due to the yield behavior of the Me-DLC being the 
same as that of matrix. For larger volume fractions, hardness values increase distinctly, 
probably due to formation of large extended clusters of carbide particulates coming in 
close contact with each other. Further, they asserted that increase of the H/C ratio in the 
precursor gas leads to decreasing film hardness. 
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 Incorporation of Al, Cu, Ag, Ni, Au, i.e metals being unable to form hard carbide 
precipitates, showed a decrease in film hardness. In contrast to hardness, Young’s 
modulus increased with carbide volume fraction, even for small metal contents, Figure 5 
[3]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Young’s moduli of W-C:H and Ta-C:H films as a function of the volume 
fraction of segregated carbides MeC [3]. 
 
Meng et al.[53] studied Ti-DLC and reported a decrease in the elastic modulus 
and hardness with the incorporation of Ti up to 5 at%. The basic reason for this is under 
investigation. The above results are at variance to those reported by Meng and Gillispie 
[52] where the monotonic increase of hardness and elastic modulus with metal content 
was observed.  
Tribological behavior of Me-DLC was extensively reported in the review by 
Klages and Memming [3]. The main points from this review are: low friction is observed 
for Me-DLC, provided that the carbide forming metal is present at low levels (~0.13 
at.%), as shown below in Figure 6 [3]. 
Quantitatively similar friction results were obtained for other carbide forming 
metals, as far as the dependence on metal concentration and load is concerned. 
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Dependence of friction on load applied was observed for W-DLC containing 12 at.% W. 
Friction decreased with increasing load, as shown in Figure 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Friction coefficients of Ta-C:H films sliding against an uncoated cemented 
carbide ball (5 mm ø) at 167 cm/s speed in ambient atmosphere (18-41 % rel. 
humidity) [3]. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Load dependence of friction coefficients of W-C:H (12 at% W), compared 
to TiAlN and TiN.[3] 
 
Interestingly, not only load dependence, but also the humidity dependence of the 
friction coefficient changes its sign at a critical metal content. In dry nitrogen (R.H. 
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<0.1%) very low value of friction coefficient, about 0.02, were obtained (similarly as in 
pure a-C:H films, shown in Figure 8) as long as W/C is smaller than 0.15 (< 13 at% W). 
Whereas, in humid nitrogen, values increased significantly, as shown in Figure 8 [3]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Compositional dependence of the sliding friction of a stainless steel ball on 
W-C:H in low and high humidity nitrogen atmosphere [3]. 
 
A reversal of influence of humidity on friction values was observed for higher 
metal contents. Compositional dependence of abrasive wear rates of various Me-DLC 
films, determined using “Calo-Test” apparatus with aqueous suspensions of 5 µm Al2O3 
particles, are shown in Figure 9. 
The wear rates curves shown in Figure 9 shows  increase in width from Ti 
(subgroup IVa of periodic system) over Mo and W(Va) to Nb and Ta(VIa). The 
minimum wear rate decreases with increasing atomic mass, eg. Nb and Ta within one 
subgroup. The abrasive wear rates of standard W-C:H (12 at% W), in pin-on-disc 
configuration, were more by an order than those of TiN and TiAlN. 
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Figure 9. Compositional dependence of abrasive wear rates of Me-C:H films, 
determined by “Calo-Test” apparatus with aqueous suspensions of 5 µm Al2O3 
particles. The Horizontal line refers to an a-C:H film deposited on the powered 
electrode cathodic bias in a parallel plate RF-diode reactor from acetylene [3].   
 
The excellent tribological behavior of W-C:H is even more pronounced, 
compared to that of nitrides, if the wear of the uncoated ball is considered. Finally, they 
[3] compared tribological properties of Me-DLC with their mechanical properties, 
however no correlation between abrasive properties and hardness of the films was found. 
They [3] suggested that since these properties are not yet understood, further 
investigation is required. 
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Figure 10. Dependence of abrasive wear rates of Ta-C:H films with 12to 13 at.% 
Ta(closed symbols) and 13 to 15 at.% Ta (open symbol) on the pressure-distance 
product p.dTS used for the preparation.[3]. 
 
3.3 Nitrogen-Doped Me-DLC 
 
The study of carbon/nitrogen films began in 1979 when Cuomo et al. [54] 
prepared paracyanogen-like films by sputtering of a carbon target in nitrogen. In 1982, 
Jones and Stewart [55] incorporated nitrogen into a-C:H films by plasma decomposition 
of methane and N2 after which the infrared absorption spectroscopy suggested the 
existence of C=N and C≡N bonds [54,56]. Naturally CNx was compared with the well 
understood compound silicon nitride, with the expectation of potentially useful 
mechanical and electrical properties, such as high hardness and semiconductivity. In 
1989, Liu and Cohen [57] proposed a complex structure for a C-N solid, based on the β-
Si3N4 structure with C substituted for Si. This structure can be thought of as a complex 
network of CN4 tetrahedra linked at the corners. The atomic coordination suggests sp3 
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hybridization of the carbon atoms and sp2 hybridization of N atoms. The predicted 
cohesive energy of 5.8 eV per atom suggests that there is a good chance that β-C3N4 is at 
least a metastable structure. The calculated bulk modulus is 4.27 Mbar, close to that of 
diamond (4.43 Mbar), which suggests that the hardness of β-C3N4 would approach that of 
diamond. The predicted velocity of sound (1.1 × 104 ms-1) suggests a good thermal 
conductivity. The good agreement between the structural properties of β-Si3N4 calculated 
by the same method and experimental values gives support to these predictions [58]. Liu 
and Cohen's prediction stimulated researchers to attempt to synthesize carbon nitride, and 
dozens of methods were tested in less than four years. 
3.3.1 Synthesis and Deposition Methods 
 
 Some of the methods can be classified as follows. 
 1. High-pressure synthesis: This method included shock wave compression [59] 
and high-pressure pyrolysis [60]. The shock wave compression conditions were sufficient 
to produce diamond from graphite. But only diamond crystallites were found in the 
residue by X-ray diffraction or Raman measurements.  
2. Ion beam deposition: The deposition was made by a carbon ion beam in a 
nitrogen ambient (single beam) [61] or by fast-switched carbon and nitrogen sources 
(dual beam) [62]. Essentially filtered cathodic vacuum arc deposition [63] is ion beam 
deposition (IBD) with a special way to generate the carbon ion beam. The highest 
nitrogen/ carbon ratio x was 0.7. All the as-deposited films were amorphous. 
3. Chemical vapor deposition: Similar to the deposition of a hydrogenated carbon 
film, a N-containing α-C:H film can form by plasma-enhanced chemical vapor deposition 
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 in a mixture of organic gas (C6H6) and nitrogen [64]. It is not easy to increase the 
nitrogen concentration by CVD (x<0.1). 
4. Plasma-enhanced or ion-assisted evaporation: Excited nitrogen species (20-30 
eV) were generated by an electron cyclotron resonance (ECR) plasma to incorporate with 
carbon evaporated by an electron beam on pure graphite [65]. A Raman spectroscopy 
peak at 1275 cm- 1 and the shift of the C 1s binding energy to that of diamond suggest the 
formation of a fourfold coordinated (sp3) CNx film. Another method is nitrogen-ion 
bombardment during electron-beam evaporation of graphite [66]. The reported x value is 
in the range of 0.5-5 depending on the arrival ratio of carbon atoms and nitrogen ions. 
The incredibly high x value left space for further investigation. 
5. Nitrogen implantation into solid carbon: X-ray photoelectron spectroscopy 
(XPS) results on N-implanted graphite show that there are three different nitrogen 
binding energies, indicating three different nitrogen bonding states [67]. Optical 
absorption and d.c. electrical conductivity measurements on nitrogen-implanted diamond-
like carbon reveal the transformation of a DLC (sp3-dominated) film to a conductive 
amorphous carbon (sp2-dominated) film due to the incorporation of nitrogen [68]. 
6. Reactive sputtering: In most cases [69,70,71] CNx deposited by sputtering of a 
graphite target in nitrogen was primarily amorphous, with x ranging from 0.1-0.5. In two 
recent experiments crystalline CNx was reported, one by r.f. sputtering [72] and the other 
by d.c. sputtering [73], but both were in pure nitrogen gas and onto a heated {100} silicon 
substrate. The CNx crystallites obtained by r.f. sputtering were uniform and homogeneous 
with an interfacial layer of amorphous CNx adjoining the substrate. The diffraction 
pattern suggested a turbostratic structure of carbon (t-C).  D.c.-sputtered CNx crystallites 
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were grains of 0.5µm in diameter, distributed near the film-substrate interface and 
embedded in the polymeric matrix. The authors believed that what they obtained was β-
C3N4. However some d-spacings did not match with those predicted for β-C3N4. 
7. Laser ablation: The first group to claim the successful synthesis of crystalline 
β-C3N4 [74] used pulsed laser ablation of graphite targets combined with an intense 
atomic nitrogen source. But some of the predicted intense rings of the diffraction pattern 
were missing, which raises questions about the real identity of the material. 
Wan, et al. [75] showed that as substrate temperature is increased, the deposition 
rate falls. Concerning the Cr-N system, in good agreement with data reported in the 
literature, cubic CrNy exists for a narrow range of non-stoichiometric composition (0.9 ≤ 
y ≤ 1). According to the XRD data of Sanjines et al.[76], CrNy films with nominal 
compositions 0.5<y<0.9 do not crystallize in a single cubic CrN phase; mixed solid 
phases of cubic CrN and hexagonal Cr2N are obtained. The hexagonal Cr2N phase is also 
obtained in a narrow composition range of 0.35< y ≤ 0.45. 
Chromium nitride (CrN) has been gaining popularity as a viable alternative to TiN 
in a number of important machining applications. The reasons are its relatively higher 
thermal stability [77] together with its low deposition temperature, superior wear 
resistance [78] and a good corrosion resistance [79].  
Partial pressure plays a very important role in depositing CrNx with optimum 
properties and its influence on the structure and properties of CrNx thin films [80]; pure 
CrN was obtained for pN2 > 20% of the total pressure. The appearance of strong (111) 
and (222) peaks beginning at a N2 partial pressure of 20%  confirms the formation of 
stoichiometric CrN (JCPDS No. 11-65) [80]. 
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Table 3. Structural parameters for Cr-N system [78]. 
Parameters α-Cr β-Cr2N 
 
CrN 
 
Crystal system bcc hcp fcc 
Lattice parameter a, c (nm) a=0.288 a=0.496, c=0.447 a=0.417 
CN (at. %) 0 33±2 50 
Hardness(GPa) (bulk) 
(Films) 
1.35–10 
8-10 
15.7 
27 
11 
15 
Young’s modulus (GPa) 
(Films) 
 
180 
132 
- 
- 
231-244 
330,400 
                                                               
 
The N content initially rises with increasing substrate negative bias voltage and 
then starts to decrease as it is further increased, while the sp2 fraction increases 
monotonically with the increase of negative bias voltage [81]. With increasing N content 
the components of the single C-N and disorder activated C-C diminish. The compressive 
stress in the films is found to decrease with the increase of the N content due to the 
accompanied increase in the sp2 fraction.  
In most CNx samples, the fractions of sp2-bonded electrons which exceeds 100% 
suggests that the method is not applicable to CNx films. One possibility is that the 
assumption of no sp bonding in CNx film is not valid. 
From the previous discussion, we know that the ratios of p bonding to s bonding 
in the different carbon hybridizations are 0:4 (sp3), 1:3 (sp2), and 2:2 (sp). If we assume 
that the contribution to EELS from p-bonding electrons of sp-hybridized atoms obeys the 
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same rule as p-bonding electrons in sp2-hybridized atoms, then the R value of an entirely 
sp-bonded sample will correspond to 200% sp2 bonding. More generally, a film 
containing sp, sp2, and sp3 hybridization will produce an R value between 0 and 200%, 
which accounts for all the experiment results (54-195%). The R values exceeding 100% 
suggest the existence of sp hybridization. Fourier transform infrared (FTIR) spectra of 
CNx films measured by several groups [ 56,71,82] have shown an absorption peak near 
2200 cm-1, whose intensity increased as nitrogen content increased. An isotope shift of 31 
cm-1 was found [ 83] when 15N substituted 14N, and was taken as evidence that the 2200 
cm-1 peak could be assigned to the C≡N bond [84]. Another absorption peak at 1600 cm-1 
in FTIR of CNx films was assigned to the C=N bond. X-ray photoelectron spectroscopy 
(XPS) results on CNx films deposited by sputtering, ECR, and IBD have shown that there 
are three to four binding energies of carbon and nitrogen which are different from the 
binding energies of C-C, N-N, C-O and N-O [62,65,67]. 
This suggests that carbon and nitrogen combine in different ways. By comparing 
the XPS of pure graphite and polyacrylonitrile fibres, Rossi et al. [85] attributed the two 
peaks at 398.2 eV and 400.2 eV to C≡N and C=N. Their IR results (absorption peak at 
1220 cm-1) also suggested the existence of C-N single bonds. Torng et al. [69] concluded 
from the shift of carbon 1s binding energy and changes in XPS fine structure that there 
are more sp3-bonded electrons in the CNx film than in a pure carbon film prepared by the 
same method. On the other hand, optical absorption and d.c. electrical conductivity 
measurements revealed that sp3 bonds were destroyed by nitrogen incorporation [68]. 
This evidence suggests that CNx is a complicated system; its properties may be totally 
different depending on the deposition conditions. 
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Figure 11. N concentration (at %) in CrN (0≤x≤1) dependence on the x ratio 
between N2 partial pressure and the total pressure in the sputtering chamber [80]. 
 
 
Table 4. Binding energy table. 
 
 
Element 
 
Spectral Line Formula BE Reference 
Cr 2p1/2 Cr 583.5 [86] 
Cr 2p3/2 Cr 574.0 [87] 
Cr 2p3/2 Cr2N 576.1 [88] 
Cr 2p3/2 CrN 575.8 [89] 
N 1s N 397.9 [90] 
N 1s CrN 398.8 [88] 
N 1s Cr2N 398.2 [91] 
C 1s C 284.6 [90] 
C 1s C-C sp2 284.3 [92] 
C 1s C-C sp3 284.8 [92] 
C 1s Cr7C3 283.1 [93] 
C 1s Cr3C2 282.9 [93] 
C 1s Cr2C3 282.8 [94] 
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3.3.2 Mechanical and Tribological Observation 
 
Batista et al.[95] have extensively studied the plasma nitriding of the TiN, 
(Ti,Al)N, and both single and duplex CrN systems and found that PVD coatings can 
reduce friction in tribological contacts, increase abrasive wear resistance and provide 
good corrosion resistance. They asserted that at lower loads (0.23 N), the measured 
surface hardness was probably more influenced by the PVD coating rather than by the 
hardness of the substrate. Both duplex and single-layered (Ti,Al)N have shown the 
highest hardness values followed by duplex TiN, single-layered TiN, duplex Cr-N and 
single-layered  Cr-N. However, at the increased load, higher hardness values were 
recorded for duplex (Ti,Al)N, TiN and Cr-N coatings.  Cekada et al. [96] reported that 
Vickers hardness (HV) is a function of gas flow of reactants. Cr-C and carbon-rich Cr-
(C,N) samples experience a relatively sharp peak of HV around 75 cm3/min. The 
adhesion of the coatings was measured by scratch test.  
The coating wear resistance of CrN in comparison to TiN is lower but coefficient of 
friction is less than that of TiN and moreover adhesion is good in comparison to TiN 
[95].  
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Coating wear resistance of single-layered and duplex (Ti,Al)N, TiN and 
CrN coatings. 
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There are numerous references on their properties and applications [97,98]. PVD 
Cr carbide (Cr-C), on the other hand, has not been studied extensively [99]. Recently, 
some industrial applications, such as coatings for die-casting tools, were reported [100]. 
Papers on chromium carbonitride coatings (Cr-(C,N)) concentrate on the deposition 
parameters and phase composition [101,102,103] as well as on a more application 
oriented measurements such as microhardness, stress, wear and oxidation [78]. In the 
Chromium-nitrogen phase diagram [104] there are three phases present: bcc (metallic) 
chromium, hexagonal Cr2N and fcc CrN. There are three carbides of chromium: cubic 
Cr23C6, and two orthorhombic Cr7C3 and Cr3C2, as well as a metastable, rarely mentioned 
phase-centred cubic CrC phase [102,105].  
Li et al. [107] synthesized nitrogen containing DLC using d.c. unbalanced 
magnetron sputtering of graphite in a N2 containing plasma. Tribological tests indicated 
 
 
 
 
 
 
 
 
 
                                
 
Figure 13. Phase diagram of the Cr–N system [98]. 
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that the friction and wear behavior were both in the same range as for typical DLC films. 
The nitrogen incorporation led to softer, less stressed materials with lower wear 
resistance than classical DLC films, and a steady-state friction remaining in the range of 
0.2 in ambient air conditions. These results were explained on the basis of a structural 
model in which nitrogen atoms are arranged between the aromatic clusters, thereby 
modifying the sp3:sp2 ratio. In summary, less work has been performed on the 
tribological investigation of the nitrogen-containing DLC films, due to their recent 
discovery, compared to conventional DLC and other doped DLC. Nitrogen incorporated 
in Cr-DLC can affect hardness, thermal stability and modulus as a function of N content. 
Moreover, if nitrogen can be incorporated into the DLC or carbon matrix allowing better 
flexibility to relieve stresses. A study of Cr-DLC is been conducted by Singh et al. [108] 
in our laboratory and this work finds opportunity to expand the scope of that previous 
research. The present work is focused on the incorporation of nitrogen into Cr-DLC/CrC 
and thin film, to study its effect on the properties of the thin films.  
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4. EXPERIMENTAL 
4.1 Film Synthesis by Plasma Enhanced CVD/PVD  
 
A series of Cr-DLC and N-doped Cr-DLC films has been deposited on Si(100) 
substrate. All processing was conducted in an intensified plasma-assisted processing 
(IPAP) system which allows three different modes of operation, such as IPAP, dual 
magnetron, and ion beam assisted deposition. 
4.1.1 Processing System 
 
The Cr-DLC and N-doped Cr-DLC films have been synthesized by a hybrid 
process involving plasma-enhanced CVD and PVD by magnetron sputtering. The plasma 
glow discharge system consists of a cylindrical stainless steel deposition chamber having 
a diameter about 45 cm and length 56 cm. The substrate holder is a stainless steel rod of 2 
cm diameter. A schematic of the system is shown in Figure 14. 
 
  
                                 Figure 14.  Schematic of hybrid CVD/PVD system 
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A base pressure of ~3x 10-6 torr was maintained in the deposition chamber with 
the help of a diffusion pump; backed by a mechanical rotary vane pump. The desired 
processing pressure in the deposition chamber was controlled by a mechanical valve at a 
specified flow rate of the gases.  
A high voltage cathode assembly capable of providing rotational motion to the 
sample ensures uniform intensified plasma-processing conditions (rotation is 360o). 
MKS thermal mass flow controllers were used to control the flow rate of the gases. The 
inert gas and the reactive hydrocarbon precursor were mixed in a specific ratio and 
introduced into the deposition chamber from the sidewall. The plasma was produced by 
application of a dc bias between the substrate and the grounded wall of the deposition 
chamber. 
There is a provision of covering the substrate, to prevent the deposition of the 
film, by a shutter. The deposition chamber also has a provision of carrying out deposition 
of films by physical vapor deposition with the help of magnetron sputter guns at an angle 
of 30º. The films can also be deposited by the ion beam method using a Kaunfman’s ion 
gun. The hydrocarbon gas can be introduced in the ion gun, and the ions produce 
bombard the surface of the substrate to produce the desired film. There is a unique feature 
of carrying out deposition by intensified plasma. The tools that help in intensifying the 
plasma are a tungsten electron emission filament and an auxiliary anode as shown in 
Figure 14. Voltage is applied to the filament at the desired value leading to thermionic 
emission of electrons. A positive potential is applied to the anode, thereby accelerating 
electrons. The electrons, on their way to the positively charged anode, collide with the 
gas present in the chamber leading to densification or intensification of plasma. 
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In magnetron sputtering the deposition of Cr is current sensitive; below certain 
current level there is no deposition. The sputtering rate of the target is a function of the 
total chamber pressure, magnetron voltage, current and power depending on the mode 
used.  
4.1.2 Experimental Procedure for Cr-a-C:H Film Deposition  
 
The Cr-DLC and N-doped Cr-DLC films were deposited on 5.08 cm diameter Si 
P (100) wafers. The substrate was ultrasonically cleaned in acetone, and blown dry in air 
before loading into the deposition chamber. The base pressure in the chamber was ~3x 
10-6 Torr. Ar was purged several times into the chamber and then the samples were 
sputter-cleaned for 20 minutes using Ar plasma at a pressure of 25 mTorr and a bias 
voltage of -1000 V.  Cr-DLC film deposition was performed by magnetron sputtering of 
a Cr target (99.99%). 
The Ar was introduced at a flow rate of 20 sccm and a pressure of 25 mtorr was 
maintained in the chamber. This helps reduce impurity levels on the surface by the 
energetic argon ion bombardment. After sputter cleaning, the system was again evacuated 
to high vacuum. Then, the mixture of Ar and methane (in the case of DLC and Cr-DLC) 
or Ar, methane and N2 ( in case of N-doped Cr-DLC) was introduced in the chamber and 
the pressure was adjusted to the required level. The ratio of Ar and methane or Ar, 
methane and N2 gas was adjusted by controlling flow rate of these gases individually. A 
DC voltage was applied to the substrate after the pressure and flow rate of the gases 
stabilized and the plasma was generated. Right after that the magnetron current was 
switched on and shutter was removed from the target. The films were allowed to deposit 
for 2.5 to 3.5 hours as the case may be and then the magnetron current was turned off 
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first, followed by the bias voltage, along with the gas supply to the system. The system 
was evacuated to the base pressure. The film was allowed to cool in inert Ar gas 
atmosphere.  
The deposition conditions of Cr-DLC and N-Cr-DLC films are given in Table 5.  
Table 5. Deposition Parameters of DLC films 
 
Film 
Code Film Type 
Magnetron 
Current (mA) 
Flow Rates 
[(Ar+N2):CH4] 
Processing Time 
(hr) 
1 CrDLC#1  100 (40+0):7.5 3 
2 CrDLC#2  230 (40+0):7.5 2.5 
3 DLC  ------- (40+0):7.5 3 
4 CrDLC-IL  200 (40+0):7.5 2.5 
5 NCrDLC-IL  200 (32+8):7.5 2.5 
6 CrDLC  200 (40+0):7.5 3.5 
7 NCrDLC  200 (32+8):7.5 5 
8 DLC-IL  200 (40+0):7.5 3 
9 CrDLC G1 (CH4) 
200 (40+0):0-7.5 3 
10 CrDLC G2 (Cr) 200-0 (40+0):7.5 3.25 
 
Note:  All films were deposited at 20 mTorr pressure & –1000 V bias  
4.2 Characterization of Cr-DLC and N-Cr-DLC Films 
4.2.1 Thickness, Surface Roughness and Stress Measurements 
 
A small area of the sample was covered by washers as shown in Figure 15 that 
created a step after deposition, reflecting the film thickness. Three steps on the sides of 
each specimen were used for measurement of the thickness of the film. The thickness of 
the film was measured by a WYKO NT 1000 surface optical profilometer. This 
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instrument functions on the principle of interference of light. The deposition rate of Cr-a-
C:H films was estimated by the ratio of the observed thickness to the total deposition 
time.  
 
 
 
 
 
Figure 15. (a) Si substrate on stainless steel holder and (b) after film deposition. 
Surface roughness, Ra, was also measured by using the WYKO NT 1000 surface optical 
profilometer at a magnification of 10X. The phase shift interference (PSI) mode of the 
profilometer used for the measurement has a vertical resolution of about 3 Å. Surface 
roughness values represent the average of at least three measurements. 
Stress measurement studies were also performed by using the WYKO optical 
profilometer. The instrument was used to measure the radius of curvature of the Si 
substrate after deposition of the film. The residual stress in the film was estimated by the 
radius of curvature using Stoney’s equation: 
fs
ss
d
dE
R )1(6
1 2
υσ −=  
where Es, ds, νs are the elastic modulus, thickness and Poisson’s ratio of substrate, 
respectively, and df is the thickness of the film. The average of at least three 
measurements was taken for each film. 
(a) (b) 
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4.2.2 Compositional and Microstructural Characterization 
4.2.2.1  TEM, SEM and XPS 
 
TEM: High-resolution transmission electron microscopic (HRTEM) analysis of 
Cr-DLC and N-doped Cr-DLC samples was performed on a JEOL JEM 2010 electron 
microscope operated at 200 KeV with a point-to-point resolution of 2.3 Å.  Cross 
sectional slices were obtained by cutting the samples along a direction normal to the 
coating surface and then gluing, face to face, the two coating surfaces.  Cross-sectional 
specimens for TEM observation were prepared by mechanical grinding, polishing, and 
dimpling followed by Ar-ion milling using a Gatan Precision Ion Polishing System 
(PIPSTM, Model 691) at 4.5 keV, at an angle of 5o. 
SEM: The model Hitachi S-3600N Scanning electron microscope (SEM), using 
an electron beam accelerated at 500V to 30 KV attached with an EDS detector, was used 
in this study to investigate the surface morphology of all of the Cr-DLC films. The 
composition analysis of the Me-DLC films was carried out with the EDS attached to this 
SEM.  
XPS: X-ray photoelectron spectroscopic analysis of the Cr-DLC and N-doped Cr-
DLC film surfaces was carried out with AXIS 165 Kratos Analytical system. This system 
was also equipped with an AES. A sample (Cr-DLC film) of 1 cm2 should be cut and 
mounted on the studs and introduced inside the chamber under high vacuum. In the XPS 
analysis, a monochromatic Al Kα excitation source was used to acquire the spectra from 
specimens for detecting Cr, C and N. Survey scans were conducted in the 0-1200 eV at 
0.5 eV steps and high resolution scans at 0.1 eV. These techniques are truly limited to the 
surface up to a depth of 50 Å. Initially a surface composition is determined that serves as 
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reference and provides useful information about atmospheric surface contamination.  
Later, the surfaces are ion sputtered and analysis carried out to characterize the 
composition of the films. 
4.2.3 Characterization of Mechanical Properties 
4.2.3.1  Microhardness Measurements 
 
Microhardness measurements were conducted using a Zeiss microhardness tester. 
The load was applied smoothly onto the film using a Knoop diamond indenter under 
specific conditions of load for a fixed time. The Knoop indenter is of rhombohedral-
shape that is said to restrict the elastic recovery to minimum. The long diameter of the 
rhombus shaped indent thus obtained was measured and the hardness was calculated 
using the formula  
214229 l
pHK =  
where, l is the length of the long diagonal of the indent in µm and P is the load in gf. 
Multiple indentations were carried out at two different loads 25 gf and 10 gf and at least 
three indentations were performed at each loading level.  
4.2.4 Tribological Characterization  
 
Pin-on-disc experiments (ISC-200 tribometer) were conducted on Cr-DLC and N-
doped Cr-DLC films to characterize their tribological behavior. The standard Pin-on-Disk 
Tribometer uses a simple load arm with a tangential force sensor mounted close to the 
contact point so as to reduce error due to arm compliance. A pin or a sphere is loaded 
onto the test sample with a precisely known weight. The pin is mounted on a stiff lever, 
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designed as a frictionless force transducer. Different loads can be applied on the films 
through a pin. Pins of different materials and size (diameter) can be used.  
The pin material used in the present study was 440C stainless steel and Al2O3 ball 
of 9.5 mm diameter. These wear experiments were performed in laboratory air having a 
relative humidity of 50 ± 10%, at a sliding velocity of 10 cm.s-1, for a distance of 1000 m, 
under a load of 1N. The friction coefficient (µ) was monitored continuously during the 
experiments with the aid of a linear variable-displacement transducer and recorded on a 
dedicated, data acquisition computer, attached to the tribometer. The wear volume of the 
films was calculated from the trace of surface profile (average of four traces) taken across 
the wear track by using the optical profilometer. The wear rates were calculated by using 
the formula 
Wear Rate = Wear Volume (mm3)/ [Load (N) X Sliding Distance (m)] 
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5. RESULTS AND DISCUSSION 
 
5.1 Optimization of Processing Parameter 
 
 Preliminary studies have been carried out in order to obtain the proper processing 
parameters. Also, previous studies by Meletis and Singh [92,108] have indicated a proper 
gas flow ratio of Ar:CH4; 40:7.5 and higher bias voltage of -1000 V that favor the 
formation of Cr-DLC. Previous studies by Klages and Memming[3] and Meletis and 
Singh [108 ] also show that for best tribological performance the metal content should be 
less than 10%. In order to the obtain percentage of Cr in the required range several Cr-
DLC films have been deposited at different magnetron currents, 100 mA to 230 mA. 
Finally, 200 mA current was chosen to carry out the experiments. The processing 
parameters are listed in Table 5.  
5.2 Film Microstructure 
 
5.2.1 Transmission Electron Microscopy and Electron Diffraction  
 
Figure 16(a) shows a cross-sectional TEM image of Cr-DLC film with 6.4 at.% 
Cr deposited at a bias of -1000 V. The micrograph shows dark and bright bands 
indicating the possibility of an alternating self-assembled nano-layer. 
The dark contrast clusters correspond to the nanocrystalline Cr carbide that has a 
size of 1-5 nm in diameter. Inset is the selected area electron diffraction from the film. 
Figure 16(b) is the HRTEM from the film area of Figure 16(a), the dark contrast clusters 
that are encapsulated by the amorphous matrix, correspond to nanocrystalline Cr carbide. 
Thus, for these Cr levels, the Cr-DLC structure can be described as “nanocomposite”, i.e. 
nanoparticles of Cr carbide encapsulated by an amorphous “diamond-like” hydrocarbon 
matrix. 
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    Figure 16(a) Dark and bright bands indicating that might be alternate self 
assembled nanomultilayers. Inset is the SAED from the film. (b) HRTEM showing 
nanoparticles of Cr carbide in the Cr-DLC film. 
 
Figure 17(a) shows a cross-sectional TEM image of the N-doped Cr-DLC film 
with 3.5% Cr deposited at a bias of -1000 V. The micrograph shows that incorporation of 
nitrogen introduces denser and compact dark and bright bands indicating that might be an 
alternate self assembled nanomultilayer as that of Cr-DLC films. Inset is the selected area 
electron diffraction from the film. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17(a) The dark and bright bands indicating that might be an alternate self 
assembled nanomultilayers. Inset is the SAED from the film. (b) The HRTEM 
showing nanoparticles of Cr carbide/Cr nitride in the N-doped Cr-DLC film. 
(b) 
(a) 
Si 
Cr DLC 
(a) 
Si 
N-Cr DLC 
(b) 
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 Figure 17(b) is the HRTEM from the film area of Figure 17(a), the dark contrast 
clusters that are encapsulated by the amorphous matrix, correspond to nanocrystalline Cr 
carbide/Cr nitride. The Cr carbide/Cr nitride domains are also found to have a size of 1-5 
nm diameter. Thus for these Cr levels, the Cr-DLC structure can be described as 
“nanocomposite”, i.e. nanoparticles of Cr and Cr carbide encapsulated by an amorphous 
“diamondlike” hydrocarbon matrix. 
Figure 18(a) shows a cross-sectional TEM image of a Cr-DLC film with 17.8 
at.% Cr deposited at a bias of -1000 V. The micrograph show dark and bright bands 
indicating that an alternating self-assembled nanomultilayer might be forming. The dark 
contrast clusters correspond to the nanocrystalline metallic Cr.  They have a size of 1-5 
nm in diameter. Inset is the selected area electron diffraction from the Cr interlayer 
showing the bcc structure of Cr. Figure 18(b) is the HRTEM from the film area of Figure 
18(a), the dark contrast clusters that are encapsulated by the amorphous matrix, 
correspond to nanocrystalline Cr carbide.  The Cr carbide particles are also found to have 
a size of 1-5 nm diameters.  Inset is the .SAED from the film showing the fcc structure of 
Cr carbide.  
Figure 19(a) shows a high resolution TEM image of a N-doped Cr-DLC film with 
11.4 at.% Cr deposited at a bias of -1000 V. The micrograph shows the Cr interlayer and 
inset (top) is the SAED from the Cr interlayer showing the bcc structure of Cr and inset 
(bottom) is the SAED from the interface of the Cr layer and film. Bright dots are visible 
in the electron diffraction rings suggesting the effect of interlayer.  Dense and compact 
dark and bright bands indicate the possibility of be an alternate self assembled 
nanomultilayer forming in nitrogen doped Cr-DLC films. 
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Figure 18(a) The dark and bright bands indicating that might be an alternate self 
assembled nanomultilayers. Inset is the SAED from the Cr interlayer. (b) The 
HRTEM showing nanoparticles of Cr carbide in the Cr-DLC film. Inset is the 
SAED from the Cr-DLC film. 
 
 Figure 19(b), shows a high resolution image from the film. Dark contrast clusters 
that are encapsulated by the amorphous matrix, correspond to nanocrystalline Cr 
carbide/Cr nitride  The Cr carbide/Cr nitride  are also found to have a size of 1-5 nm 
diameter. Inset is the SAED from the film showing an additional ring inside the other 
rings. FCC structure of Cr nitride is identified from this SAED pattern. 
Figure 20(a) and (b) show the Cr-DLC films developed with a gradient in the Cr 
content. A Cr-rich layer (bond layer) was first deposited on the Si substrate, Figure 20(a), 
followed by granular Cr-DLC amorphous layer, Figure 20(b). Compositional analysis 
showed that the Cr-rich bond layer consisted of ~80 at.% Cr. Thus, the present films 
exhibit a gradient in the Cr content ranging from 80 at.% Cr (interface with substrate) to 
9 at.% Cr at the top surface. Thus, the former layer provides high adhesion to the 
substrate whereas the top DLC-rich layer provides low friction and high wear resistance. 
Figure 20 (b) is a HRTEM from the film area of Figure 20(a), the dark contrast clusters.  
 
(b) (a) 
Si 
Cr 
Cr DLC 
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Figure 19(a) Cross-sectional TEM of the N-doped Cr-DLC film with Cr interlayer 
and interface. Inset (top) is the SAED from the interlayer and (Bottom) from 
interface, bright dots are visible in the ring suggesting the effect of interlayer. (b) 
HRTEM (nanocrystalline phases) from the film. Inset is the SAED from the film 
showing the fcc structure for the CrN phase. 
 
that are encapsulated by the amorphous matrix, correspond to nanocrystalline Cr carbide.  
The Cr carbides are also found to have a size of 1-5 nm diameters.  
Thus, the former layer provides high adhesion to the substrate whereas the top 
DLC-rich layer provides low friction and high wear resistance. Figure 20(b) is the 
HRTEM from the film area of Figure 20(a), the dark contrast clusters that are 
encapsulated by the amorphous matrix, correspond to nanocrystalline Cr carbide.  The Cr 
carbides are also found to have a size of 1-5 nm diameters.  
The diffraction rings can be identified to be the (110), (200), (211), (220, (310), (222), 
(321) and (400) reflections of the body-centered cubic (bcc) Cr structure with lattice 
parameter of 2.9 Å for the Cr interlayer in both Cr-DLC and N-doped Cr-DLC shown in 
Figure 18(a) and 19a).  The diffraction rings in Figures 16(a), 18(b), and 20(a), can not be 
identified as the rings are diffused indicating an amorphous structure. The diffraction 
rings in Figures 17(a) and 19(b) can be identified to be the (111), (200), (220), (311), 
(222) and (400) reflections of face-centered cubic (fcc)  CrN structure with a lattice 
(b)(a) 
Cr 
N-Cr DLC 
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parameter of 4.18 Å. Yao and Su [78] have also reported the fcc structure of CrN. In all 
of the TEM micrographs dark contrast clusters that are encapsulated by the amorphous 
matrix, correspond to nanocrystalline Cr carbide (incase of Cr-DLC) or Cr carbide/Cr 
nitride (in the case of N-doped Cr-DLC).  The Cr carbide/or Cr nitride clusters are also 
found to have a size of 1-5 nm diameter. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20 (a) Cross sectional TEM image of Cr-DLC film showing layers with Cr 
content gradient. Inset is the electron diffraction pattern from the film. (b) Shows 
the details of the microstructure from the (a). 
 
 The self-assembly process indicated by the TEM micrographs is a nanoassembly 
process, which might be a kinematically controlled process rather than 
thermodynamically controlled process. In a thermodynamically control self assembling 
process, the mechanism is driven by the energetics of the system. The system evolves and 
organizes in such a state or microstructure that is consistent with the lowering of the total 
free energy of the system, including the free energies present in volume as well as free 
energies present in interface. The energies can be elastic strain energies due to the misfit 
between the various phases as well as between the actual system and the substrate. The 
interface energy leads to the selection of those surface and interface that have the lowest 
(b) (a) 
Cr DLC 
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energies. Kinematically controlled self assembling processes are governed by the 
variables such as deposition rate (re-evaporation) temperature and surface diffusion 
fluxes. The microstructure that is being formed is the resultant of the interplay of these 
processes acting simultaneously during the deposition process.  
5.2.2 XPS 
 
Figure 21 show a typical XPS spectrum of as-deposited Cr-DLC and after 4 to 5 
steps of etching of 180 seconds. It is evident that after light sputtering there is no O 
present in the film 
Figure 22(a) shows the high resolution of Cr 2p peak it is found that Cr carbide is 
forming because the binding energy is on lower side of the spectrum and it matches with 
the values given in the literature and are tabulated in Table 4. 
Similarly, Figure 22(b) shows the high resolution of carbon based on the C1s 
bond. The peak for sp3, sp2 and Cr carbide are identified at 284.8, 284.3 and 283 eV 
respectively. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21.  Survey spectrum of as-deposited Cr-DLC film and after etching. 
Cr
O 
C 
as-deposited 
after sputtering 
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Figure 22 (a) High Resolution XPS of Cr 2p of Cr-DLC film. (b) High Resolution 
XPS of C 1s of Cr-DLC film. 
 
 
Figure 23 shows the XPS spectra of N-doped Cr-DLC as conducted on as-
deposited sample and after 4 to 5 steps of etching of 180 seconds. The survey spectrum of 
N-doped Cr-DLC is shown below.  
CrxCy 
CrmCn 
(b) 
sp3 sp2
CrC 
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Figure 24(a) shows the high resolution of Cr 2p peaks as done by curve fitting the 
binding energies of related compounds and it is found that CrN is forming and also there 
is an overlap of binding energy value given in the literature of Cr carbide. So possibility 
of the presence of Cr carbide can not be excluded. As the binding energy is on lower side 
of the spectrum and it matches with the given value in the literature and are tabulated in 
this thesis. 
Figure 24 (b) analysis of carbon is based on the C1s bond. The peak for sp3, sp2 
and Cr carbide are identified at 284.8, 284.3 and 283 eV respectively. 
Figure 24 (c) shows the analysis of N 1s peak showing that Cr nitride is forming. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23.  Survey spectrum of as deposited of N-doped Cr-DLC film and after 
etching. 
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Figure 24(a) High Resolution XPS of Cr 2p of N-doped Cr-DLC film. (b) High 
Resolution XPS of C 1s of N-doped Cr-DLC film. (c) High Resolution XPS of N 1s of 
N-doped Cr-DLC film. 
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5.3 Mechanical and Tribological Behavior 
 
This section summarizes the mechanical and tribological properties of the 
synthesized DLC films and is divided into two parts. Namely Part 1 “Interlayer” 
describes the pure DLC, with and without Cr interlayer Cr-DLC and Nitrogen doped Cr-
DLC. And Part 2 “Gradient” is analyzed and described in response to the part 1 which 
includes DLC, Cr-DLC (for comparison), IL-DLC, Gradient Cr-DLC, i.e Cr-DLC G1 and 
Cr-DLC G2. 
5.3.1 Microhardness Characterization 
 
The hardness, surface roughness and internal stress of various DLC films are enumerated  
Table 6. Properties of DLC films 
 
 
DLC 
Film 
Code 
Materials Thickness 
(nm) 
 
Deposition 
Rate 
(nm/min) 
HK (Gpa)
10gf 
(25gf ) 
Surface 
Roughness 
Ra 
Internal 
stress 
(GPa) 
1 Cr-DLC#1 1000 
 
5.6 18 
(15.5) 
10 0.821 
2 Cr-DLC#2 900 
 
6 20 
(14.46) 
18 0.728 
3 DLC 835 
 
4.6 18.15 
(13.96) 
13 0.913 
4 Cr-DLC-
IL  
820 
(150) 
5.5 20.14 
(16.1) 
11 0.718 
5 NCr-DLC-
IL 
600 
(150) 
4 21 
(12.26) 
12 0.696 
6 Cr-DLC 1030 
 
4.9 20.13 
(16.08) 
14 0.708 
7 NCr-DLC 1300 
 
4.3 20.75 
(16.42) 
13 0.597 
8 DLC-IL 917 
(40) 
5 18.07 
(13.96) 
16 0.902 
9 Cr-DLC 
G1 (CH4) 
965 
 
5.4 19.47 
(14.29) 
13 0.733 
10 Cr-DLC 
G2 (Cr) 
1160 
 
5.6 19.40 
(15.74) 
16 0.889 
Note: The thickness values in the parentheses correspond to Cr interlayer thickness.  
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in Table 6. The intrinsic stresses in the film are compressive and vary from 0.5- 0.9 GPa. 
N-doped Cr-DLC is showing the lowest intrinsic stress compared to DLC and Cr-DLC 
films. The DLC films were found to be smooth with surface roughness Ra values between 
10 nm to 18 nm. Ra of Si substrate was 8 nm.  
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Figure 25.  Intrinsic stress in all DLC film. 
 
Figure 25 shows the intrinsic stress values in all of the deposited films. Nitrogen 
doped Cr-DLC films are showing lower stress value suggesting that N incorporation into 
the carbon network of the matrix has softened the film, i.e. reduced elastic modulus and 
are allowing more flexibility and conformance with the network. In general, metal doped 
DLC films are less stressed compared to pure DLC. Klages and Memming [3] have 
reported the same observation. 
Part 1: Interlayer 
 
The microharness measurements of DLC and Cr-DLC/N-doped Cr-DLC, with 
and without interlayer films were made using micro indentation with a knoop indenter at 
10 and 25 gf load and the values are shown in the Figures 26 (a) and (b). The hardness 
values of DLC, Cr-DLC and N-doped Cr-DLC are 18, ~20 and ~ 21 GPa, respectively. 
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The increase in hardness is because of the formation of Cr carbide in Cr-DLC and Cr 
nitride as well as Cr carbide in N-doped Cr-DLC. The hardness values are very close and 
the results are consistent with the present structure slight discrepancy is seen at 25 gf load 
in Cr interlayer N-doped Cr-DLC that has a decrease in hardness. This can be explained 
as due to the film thickness being 600 nm (including 150 nm Cr layer), comparatively 
lower than for other films. The wear track result also confirms that there is an increase in 
wear rate as the wear track reached the Cr layer, since Cr is a ductile metal and has a 
lower hardness compared to DLC or hard Cr-DLC. High hardness is attributed to hard 
phases formed (Cr carbide and Cr nitride) during film deposition. 
The hardness values are in good agreement with the values reported by Batista et 
al. [95]. Increase of microhardness with nitrogen is also reported by Wei and Bernard et 
al. [80]. 
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Figure 26(a) Microhardness at 10 gf load for interlayer DLC films. (Fig. Con’d.) 
(a) 
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Figure 26(b) Microhardness at 25 gf load for interlayer DLC films. 
 
 
Part 2: Gradient 
 
The second part of this section deals with DLC, Cr interlayer DLC, Cr-DLC (for 
comparison) and Cr-DLC with gradient Cr i.e. Cr-DLC G1 and Cr-DLC G2. In this part 
no nitrogenated Cr-DLC has been included. 
The microharness measurements of gradient DLC films are taken using micro 
indentation with a knoop indenter at 10 and 25 gf load values are shown in the Figures 27 
(a) and (b). The hardness value of DLC is about 18 GPa and that of Cr-DLC is ~ 20 GPa 
and Gradient Cr-DLC ~ 19 GPa. The increase in hardness is realized because of the 
formation of Cr carbide in Cr-DLC film. The hardness values are very close to each other 
and the results are consistent with the present structure. The hardness values are 
comparable among the films shown. The hardness values at 25 gf load are between 14-16 
GPa, 14 GPa being for DLC and 16 GPa being for Cr-DLC. The hardness of films with 
gradient Cr lies in between these values, which is also consistent with the result as the 
percentage of Cr is either decreasing or increasing, i.e. gradient effect, making change in 
the structure morphology and percentage of hard phases, attributing to the value of 
(b)
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hardness which lies in between the DLC and Cr-DLC. High hardness is attributed to hard 
phases formed (Cr carbide) during film deposition. 
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Figure 27 (a) Microhardness at 10 gf load for gradient DLC films. 
                 (b) Microhardness at 25 gf load for gradient DLC films.  
(a) 
(b)
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5.3.2 Tribological Characterization 
 
The tribological properties of DLC films are summarized in Table 7. The steady-
state friction coefficient in the films varies in the range 0.09-0.2. The steady-state refers 
to the friction coefficient after stabilization. Values of friction coefficient reported 
previously for DLC films, tested at ambient conditions (40%-60% relative humidity) 
generally lie between 0.05-0.4 [49, 92]. Wear rates are also shown in Table 7, which will 
be discussed in detail later in this section. Since Cr percentage is playing a major role in 
determining the wear trend, the composition is also listed in the table. Each film will be 
discussed in detail with respect to composition wear track morphology and wear rate. 
Table 7. Tribological properties of DLC films 
 
 
Film 
Code 
Film Type Composition 
(EDS) 
Cr/C/N 
Steady-state friction 
Coefficient fss 
Wear rate 
10-7 mm3/Nm 
1 Cr-DLC#1 
 
0.092/99.08/0 0.15 3.85 
2 Cr-DLC#2 
 
15.36/84.64/0 0.13 1. 39 
3 DLC 0/100/0 0.09 
 
0.93 
4 Cr-DLC-
IL  
 
17.8/82.2/0 0.13 6.25 
5 NCr-DLC-
IL 
11.44/75.59/12.93 0.2 
 
11.3 
 
6 Cr-DLC 
 
6.4/93.6/0 0.11 1.37 
7 NCr-DLC 3.5/82.38/14.12 0.14 
 
8.7 
8 DLC-IL 0.4/99.6/0 0.15 
 
0.764 
 
9 Cr-DLC 
G1 (CH4) 
14.08/85.92/0 0.11 
 
8.04 
 
10 Cr-DLC 
G2 (Cr) 
0.5/99.5/0 0.18 
 
3.33 
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Part 1: Interlayer 
 
The tribological properties, in terms of friction coefficient are shown in Figure 28. 
DLC has the lowest friction coefficient and slightly higher friction coefficient is seen in 
the case of Cr-DLC and N-doped Cr-DLC. Both Cr interlayer Cr-DLC and N-doped Cr-
DLC have even higher coefficient of friction compared to that without interlayer. The Cr 
interlayer is added to provide good adhesion and friction coefficients are very close and 
comparable and are in good agreement with the values reported by other researchers [3]. 
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Figure 28. Friction coefficient of interlayer DLC films. 
 
The wear rates of all DLC films are of the same order. Cr-DLC and pure DLC 
have comparable wear rates, which are the lowest among the films studied.  N-doped Cr-
DLC have slightly higher wear rates compared to DLC and Cr-DLC. IL-Cr-DLC and IL-
N-Cr-DLC have higher wear rate when compared to other films.  From the 3D and 2D 
wear track morphology one can see that a different mechanism is operating for Cr-DLC 
and N-Cr-DLC which is different from that in DLC. High wear rate is occurring in N-
containing films probably because the hard particles like Cr carbide or Cr nitride present 
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which come in contact with the lubricious transfer layer of DLC, break the transfer layer 
and producing a rough surface. 
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Figure 29. Wear rate of interlayer DLC films. 
 
 
Part 2: Gradient 
 
The second part of this section of tribology deals with non nitrogenated DLC 
films with a gradient in Cr content. In this section a comparison of DLC, interlayer DLC 
along with two gradient Cr-DLC performed. The coefficient of friction of Cr-DLC G1 is 
lower than that of Cr-DLC G2. This can be explained by the fact that the gradient G1 film 
has more sp2 content than gradient G2 film which has more sp3 content. Cr-DLC G2 is 
quite similar to interlayer DLC. So the trend is in good agreement with the compositional 
%Cr presence.  
The wear rate of interlayer DLC (interlayer being of 40 nm) is very close to pure 
DLC and followed by Cr-DLC. Higher wear is observed for gradient Cr-DLC G1, this is 
also in good agreement as wear rate is low for composition less than 10% Cr and in this 
case the Cr content is 14%. Cr-DLC G1 has higher sp2 content than Cr-DLC G2, which 
has higher sp3 content. Thereby, showing higher wear resistance.   
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Figure 30. Friction coefficient of gradient Cr-DLC films. 
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Figure 31. Wear rate of gradient Cr-DLC films. 
 
Figure 32 shows the variation of friction coefficient as a function of sliding 
distance of all DLC films i.e. DLC, Cr-DLC and N-doped Cr-DLC. For comparison 
purposes, the variation of friction coefficient as a function of sliding distance of only Cr 
deposited film and Si wafer is also shown. It can be seen that the friction coefficient of 
DLC films is much lower than both pure Cr film and Si wafer. It is also interesting to 
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note that the fiction coefficient initially rises, then drops and later increases slowly, 
before stabilizing to a steady-state friction coefficient. The high value of friction 
coefficient can be related to high roughness. The asperities present on the surface may be 
the reason for the drop but the subsequent slight increase in friction coefficient is not 
quite clear.  
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Figure 32. Friction coefficient as a function of sliding distance for DLC films. 
 
 The area of contact between the pin and the film is smaller initially and 
with the increase in sliding distance the wear track widens, which might be causing this 
increase in friction coefficient. After some time, the area of contact becomes almost 
constant, thereby stabilizing the friction coefficient. We can clearly see that there is 
graphitization of DLC in the zone of wear and a transfer layer is formed between the film 
and the pin. This transfer layer is being affected by sliding of the steel pin upon DLC 
layer as well as Cr-DLC layer.  
The 3D and 2D wear tracks of all the films are shown one by one and then results 
will be discussed based on the observation made shown on the Figure33-42 (a-3D, b-2D). 
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Figure 33 shows the 3D and 2D morphology of wear tracks of Cr-DLC with 0.092 %Cr 
deposited at 100 mA current. The maximum depth of wear track is about 600 nm. On 
close examination of the wear track a “U” type wear track is obtained which is in 
consistent with other researchers [3].  
Figure 34 shows the 3D and 2D morphology of wear track of Cr-DLC with 15.4 %Cr 
deposited at 230 mA current. The maximum depth of the wear track is about 200 nm.  
 
     
 
Figure 33. 3D and 2D plots of wear track from Cr-DLC1 [ 0.92 %Cr, Depth of wear 
track (420 nm)] 
 
 
 
      
 
Figure 34. 3D and 2D plots of wear track from Cr-DLC2 [15.36 %Cr, Depth of wear 
track (200 nm)] 
 
(a) 
(a) (b)
(b)
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Figure 35. 3D and 2D plots of wear track from DLC [Depth of wear track (350nm)] 
 
   
Figure 36. 3D and 2D plots of wear track from Cr-DLC-IL [17.8% Cr, Depth of 
wear track (500 nm) ] 
 
 
 
   
 
Figure 37. 3D and 2D plots of wear track from N-Cr-DLC-IL [11.44% Cr, Depth of 
wear track (600 nm)] 
 
 
(a) 
(b)
(a) (b)
(a) 
(b)
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Figure 38. 3D and 2D plots of wear track from Cr-DLC [6.4%Cr, Depth of wear 
track (400 nm)] 
 
 
   
Figure 39. 3D and 2D plots of wear track from N-Cr-DLC [3.5%Cr, Depth of wear 
track (550 nm)] 
 
 
 
  
Figure 40. 3D and 2D plots of wear track from DLC-IL [0.4%Cr, Depth of wear 
track (200 nm)] 
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Figure 41. 3D and 2D plots of wear track from Cr-DLC G1 [14.08%Cr, Depth of 
wear track (900 nm)] 
 
 
   
Figure 42. 3D and 2D plots of wear track from Cr-DLC G2 [0.5 %Cr, Depth of wear 
track (600 nm)] 
 
 
 
 Figure 34 shows the 3D and 2D morphology of wear track of Cr-DLC with 
15.36%Cr deposited at 230 mA current. The maximum depth of the wear track is about 
200 nm.  
 Figure 35 shows the 3D and 2D wear track of pure DLC. The maximum depth of 
wear track is about 350 nm. The morphology is also smooth compared to Cr-DLC. The 
wear rate of DLC is also low. 
(a) 
(b)
(a) (b)
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 Figure 36 shows the 3D and 2D morphology of wear track of interlayer Cr-DLC 
with 17.8%Cr deposited at 200 mA current. The maximum depth of the wear track is 
about 500 nm. The wear track is also wider and layer by layer removal of DLC can be 
seen. The hard Cr carbide particles probably play some role in which they break the 
transfer layer and thus, a layer by layer removal of DLC morphology can be observed. 
 Figure 37 shows the 3D and 2D morphology of wear track of interlayer N-doped 
Cr-DLC with 11.4 %Cr deposited at 200 mA current. The maximum depth of the wear 
track is about 600 nm. The wear track is also wider and layer by layer removal of DLC 
can be seen. The hard Cr carbide/Cr nitride particles apparently play some role by 
breaking the transfer layer and thus, layer by layer removal morphology of DLC can be 
observed. Also the wear rate and friction coefficient of this film are high. A possible 
reason for this can be given based on the morphology and depth of the wear track, since 
the film is 600 nm thick and wear of this film is about 600 nm and Cr interlayer thickness 
is about 150 nm. So it is expected to show this behavior. It is also interesting to note that 
N-doped Cr-DLC is showing an analogous behavior of layer by layer removal which is 
also shown by Cr-DLC but it is not that pronounced while DLC films do not show any 
layer by layer removal. Pure DLC just shows a smooth removal of DLC from the wear 
track. 
 Figure 38 shows the 3D and 2D morphology of wear track of Cr-DLC with 
6.4%Cr deposited at 200 mA current. The maximum depth of the wear track is about 400 
nm. The wear track is more or less similar to the above mentioned figures. The hard Cr 
carbide particles play some role in which they break up the transfer layer and thus, a layer 
by layer removal of DLC morphology can be observed. As mentioned by Singh, Jiang 
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and Meletis [108] and Klages and Memming [3] the wear rate is generally low for metal 
content 4-10%. This film with 6.4% Cr has also shown a low wear rate, the wear 
morphology is similar to those of Cr-DLC films discussed above. 
Figure 39 shows the 3D and 2D morphology of wear track of N-doped Cr-DLC 
with 3.5% Cr deposited at 200 mA current. The maximum depth of the wear track is 
about 550 nm. The wear track is also wider and layer by layer removal of DLC can be 
seen. The hard Cr carbide/Cr nitride particles apparently play some role in which they 
break the transfer layer and thus, a layer by layer removal of DLC morphology can be 
observed. The wear morphology is exactly similar to those of interlayer N-doped Cr-
DLC, but the depth of wear track is less so wear rate is lower than that of interlayer N-
doped Cr-DLC.  
Figure 40 shows the 3D and 2D morphology of wear track of interlayer DLC with 
0.4% Cr deposited at 200 mA current for 4 minutes. The maximum depth of the wear 
track is about 200 nm. The wear track morphology is similar to pure DLC except that the 
wear rate is slightly lower than DLC.  
Figure 41 shows the 3D and 2D morphology of wear track of gradient Cr-DLC 
with 14.08 %Cr deposited at 200 mA current. The maximum depth of the wear track is 
about 900 nm. The wear track is wider for about 500 nm and than afterwards becomes 
narrow. This morphology suggests that some different kind of mechanism is operating 
other than DLC wear mechanism. This kind of behavior is reviewed by Klages and 
Memming [3]. The hard Cr carbide particles apparently play some role in which they 
break the transfer layer. Also when the depth of the wear track is increasing Cr is also 
increasing which suggests high wear rate. However, the sharp change in the width of the 
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wear track to < 10 nm is perplexing and cannot be accounted for by the regular wear 
mechanism. 
Figure 42 shows the 3D and 2D morphology of wear track of interlayer Cr-DLC 
with 0.5% Cr deposited at 200-0 mA current. In this case the current initially was 200 
mA but every 5 minutes it was decreased slowly. The maximum depth of the wear track 
is about 600 nm. The wear track is also wider and as the Cr% is increasing with the depth 
it starts showing typical behavior of Cr-DLC. The morphology more or less follows the 
foot prints of Cr-DLC Figure 38 and N-Cr-DLC, Figure 39. As the magnetron is current 
sensitive, lowering of current say less than 80 mA does not helps in producing enough 
Cr. So it only deposits DLC afterwards.  
The present DLC films are showing low friction coefficient in the testing 
conditions of ambient air with 40%-60% relative humidity. The wear rate of all the DLC 
films is generally low and no significant wear was observed in the test with 440C steel 
pin. In most of the DLC films, the friction coefficient initially rises and later gradually 
drops and stabilizes to a steady value after some time in most of the films, thereby 
showing the typical tribological behavior of DLC as has been described previously by 
Liu and Meletis [45]. DLC is thermally unstable after 350o C and thus there are 
microstructural changes after such a temperature. It has been reported that graphitization 
of DLC starts after 350o C and increases with further increase in temperature. During 
wear of DLC film, the local temperature, at the asperity contact between the pin and the 
DLC film, would reach temperature above 350o C. This would lead to graphitization of 
DLC in the localized region of the wear track. The process of low shear strength graphitic 
microconstituent formed between the two contact surfaces was termed as “wear induced 
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graphitization” by Liu and Meletis [45]. This proposal was supported by TEM studies 
and Raman spectra of the debris collected and wear surface, respectively. The graphitic 
transfer layer is lubricious and reduces the friction coefficient between DLC and the pin. 
The present results are consistent with the mechanism of graphitization and transfer layer 
formation in the modified DLC films studied in this work. 
In the case of Me-DLC, the friction of nanoparticulate Cr-DLC or N-doped Cr-
DLC films are higher than that of the DLC films. This could be due to the presence of 
hard phases Cr carbide (in Cr-DLC) and Cr carbide/Cr nitride (in N-doped Cr-DLC) that 
normally have higher friction than the DLC film. This behavior can be attributed to the 
presence of Cr carbide nanoparticles that can cause breakdown or wear of the lubricating 
interlayer by ploughing mechanism resulting in refinement of the wear debris (or 
lubricious interlayer).  The friction coefficient of Cr-DLC and N-doped Cr-DLC films are 
comparable. This also is consistent with the results of other researchers [108].  The 
friction coefficient is low for compositions less than 10% Cr and also the wear rate is 
seen to be remaining in the same order. Thus, it can be seen that some kind synergistic 
role is being played by certain volume of Cr carbide and Cr nanoparticles. Beyond a 
certain level of Cr, the amount of DLC is not sufficient to provide the necessary 
lubricating action and the Cr carbide/ Cr nitride that removed out at a faster rate, 
dominate the wear process. The wear track 3D and 2D are shown in Figures 33-42 show 
the wear morphology.  A rough wear track surface is exhibited by a high Cr % or N-
doped Cr-DLC in contrast to smooth wear track shown by low Cr % or DLC films.  So, a 
different wear mechanism is operational for Me-DLC (Cr-DLC and N doped Cr-DLC) 
films. The present wear and friction results are in good agreement with the results of 
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Wang et al. [99]. Very similar behavior has been observed previously for W-DLC films, 
with friction coefficient less than 0.18 for W/C ratios less than 0.2 [3]. 
It should be noted that previous studies on Me-DLC  (Me= Ti, W, Mo, Nb) films 
revealed a “U” shape in the wear rate [3]. The depth in the wear rate is observed to 
depend on Cr % and the percentage lie somewhere between ~ 4-10 at% Me [108].  
Some discrepancies may be due to different deposition processes used in the 
various studies that consequently resulted in different C-based matrix microstructure and 
hence led to different properties. The reason for the “U” shaped texture of the wear rate is 
presently far from being understood. Klages and Memming [3] argue that considering 
surface properties, Me-DLC films with low Me content, resemble polymers rather than 
metals or ceramics. Thus, considering the surface energy (S) to hardness ratio, Me-DLC 
films exhibit low S/H ratios (minimum S/H) and thus low wear rates should be expected. 
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6. CONCLUSIONS 
 
The following conclusions can be drawn from the present study: 
 
1. Optimization of PECVD/PVD processing parameter i.e. magnetron current was 
used to obtain desired Cr content in DLC films. Dense and uniform Cr-DLC and 
N-doped Cr-DLC films were synthesized by reactive magnetron sputtering at bias 
of -1000 V. 
 
2. TEM analysis showed alternating Cr-rich and amorphous DLC-rich bands 
indicating the possibility of self- assembling of nanomultilayers.  
 
3. Electron diffraction showed a BCC structure for Cr interlayer with lattice 
parameter of 2.9Å and a FCC structure of CrN with lattice parameter of 4.18Å for 
N-doped Cr-DLC. In Cr-DLC films, the rings are diffused suggesting a highly 
defected and rather amorphous-like film. 
 
4. XPS analysis showed presence of Cr nitride and Cr carbide in the N-doped Cr-
DLC films. All N tied up to Cr forming CrN. 
 
5. N-doped Cr-DLC films were found to have slightly higher hardness than DLC 
and Cr-DLC films. 
 
6. The intrinsic compressive stress in the N-doped Cr-DLC was found to be lower 
compared to Cr-DLC and DLC films. 
 
7. Friction coefficient and wear rates of N-doped Cr-DLC and Cr-DLC are 
comparable to those of DLC films (remain in the 10-7 mm3/Nm range). The 
optical profilometer images from the wear tracks suggest a different wear 
mechanism for Cr-DLC and N-doped C-DLC, other than that of DLC films. 
 
8. N-doped Cr-DLC can be synthesized in high thickness with low stresses and thus, 
alleviating spalling from the substrate, which is a major current problem. At the 
same time these films are possessing low friction and wear rate and thus, present 
high potential for a number of tribological applications.  
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